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Abstract

This study examines the relationship between three-dimensional urban built environment and urban surface tempera-
ture using LANDSAT 8 satellite image data in Seoul city. The image was divided into 600mx600m grid units as an unit of
analysis. Due to the high level of spatial dependency in surface temperature, this study uses spatial statistics to take into
account spatial auto-correlation. The spatial error model shows the best goodness of fit.

The analysis results show that the three-dimensional built environment and transport environment as well as natural
environment have statistically significant associations with surface temperature. First, natural environment variables such
as green space, streams and river, and average elevation show statistically significant negative association with surface
temperature. Second, the building area shows a positive association with surface temperature. In addition, while sky view
factor (SVF) has a positive association with surface temperature, surface roughness (SR) shows a negative association
with it. Third, transportation related variables such as road density, railway density, and traffic volume show positive asso-
ciations with surface temperature. Moreover, this study finds that SVF and SR have different effects on surface tempera-
ture in regard to the levels of total floor areas in built environment. The results indicate that interactions between floor area
ratio (FAR) and three-dimensional built environmental variables such as SVF and SR should be considered to reduce urban
surface temperature.
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Figure 1. Study area
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H 1,840/ M9 Table 1. Definition of variables

¥ Variables

g2z
Land surface temperature

49 Description

Average surface temperature in a 600m x 600m grid cell of 400
pixels (C)

=X 9 Area of parks and small 2
Green area rea of parks and small green areas (m?)
ofH X - 2

xiolsi4 River area River and stream area (m’)

Natural environment e in] ahtf o of )
Average elevation Average that height from the extension of sea level to that point (m)
BN : °..aN°
Slope The value of the slope as an angle to the horizontal plane (0°~90°)
USHE(FHE) ' 2
Building area Floor area on the first floor (m*)
745 G| _

22|x812 |T_o§t§ai_ﬂ|c_> c;r area The total floor area of a building (m?)

Three-dimensional - : — - : .

built environment HSMHE Proportion of the sky that is visible from a given viewpoint
Sky view factor (SVF) (Oke, 1981) (0~1)
HHMHET| Standard deviation of complex DEM data including terrain and
Surface roughness (SR) buildings
EHo AN Uz The railway extension by grade divided by the target area
Railway density (km/km?)

nSEZ ERASdE : vi

Transport environment Road density The road extension by grade divided by the target area (km/km?)
use Number of traffic passing through from 10:00 to 12:00
Traffic volume (vehicle/hour)

AN 271 WHE AAst] EAEFHHKokalj et al., 2011;
@) Zaksek et al., 2011; Kokalj et al., 2013).
a

(b)
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qct ol B3 DEMY] EFHAKStandard Deviation)S
Aitste] EUAAY] Ax2 oI} EE A= A2 g
o] o zRE Huh oA Y=AE e, REHAE
Ak A1 ot At

o =,/%§<x, _py )

a8l 2. d3MEES W
Figure 2. Concept of sky view factor
EX]: Zaksek et al. (2011, p.403)
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(a) (b)
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Figure 3. Concept of surface roughness
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9] AR A7|dBE AofsEold EEE AT 4= U=
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yv=XB+e, e=AWe+pu (5)

}
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3. HY3Ys &8st x|BH B FE

LANDSAT 8 914 9/l 231 E =S 7|HEC = LANDSAT
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Landsat 8
OLI / TIRS bands DATA
]
ALY
Calibration of radiometric

I

|
NDVI A4t
Calculation of NDVI
i BAND 10 ZA} B A4t
— Calculation of infrared
X & YALE A band bright
Calculation of surface and brightness
emissivity

l

7] T x|+
Atmospheric profile
parameters

input

BH BAHEE At

Calculation of the radiation brightness

NE2E =8
Extraction of land surface
temperature

I8 4. X E2: FELHE
Figure 4. Process of extracting surface temperature

Z1 LANDSAT A7) t7] g&el gk -8k B4 g2 Als
aHA] gkol, 7| TOA) BAL, A& BAL 2 228 BAs)
7] $18)l o5 W23 4= Qli= wlolE 7 B 2 3Hh(Barsi et al., 2003).

Ao A& G7]= WE AT e di7lel Q3f kx| 73t
Hug g g9 o|ujA & AR A 2% Aol A di7]9] g
& AASR: AL WA o|c}, o|F 93l Ak BEA S ZA
3tal o] & 91 AN E B3l B BEAL T3 WA A &
EAL =g FES O o A3 GEAL e ARk A%
2EE GA Hr}, o]& 4|02 vehy g3t 2,

I = [eB(TS) + (1-¢)L | ]t
B(TS) = [IA-LT -t(1-¢)L | ]/ 1¢ 6

LA AlAf o] 93] 554 $=olH, B(Ts)s EF WAl 9
g 2ot WY S BEAL Tse IST, L1 L] = 8%
9 517 t7]9] EAbE, © 7] FRE T2al R3] I WA
olc}, 3, Ts ghel 4% EF3 F41S o] 83l A& 4= Qitt.

Ts = K,/ In[K, / B(TY) + 1] 7)

oluf, T™M %4 Z$. K1=607.76W/(m* um-sr),
K2=1260.56K ETM+ %GAYol, K1=666.09W/(m’: um - sr),
K2=1282.71K TIRS FAtolH, K1=774.89W/(m’: um-sr),
K2=1321.08K°|™, Atmospheric Profile Parameters(tH7| <
AV LT, L, v NASAOIA AlE3t ALHAE 33l 4
G AR A AE W e 4t €& 4 YUHWang et
al., 2018).

Iv.

RE

Mzt
1. HESdS 28 X E2E: EY

& A EA7H AL Bkt gl A9 gl 20161 59 19
A 4 I AwE B&ste] B4R A48 olvA &
2& 913l Harris Geospatial Solutions®l|A] A|&8H= ENVI5 4
ZEolE B85t ENVISE YAE oju]]&E X243} 4
W BES 93l AMEEe AZESOR, Z]ekek HA, AFE
A, gloje] &4, dAE R Hg ou|z|] B4 5-& AWt 9
A0 B0 HEA o2 o] §HIl Qi

(Od 520164 59 199 EFT A& o18stol b
T AEA] R0, AJ7}8} 2| 0] 2T} oy Sl
A2 Kok AsHA & A4S & 4 Aok B3, sPA 9 &
T AR eno 88 WA EaxE o] yehtal Qlot, A
R A oA AFLET} A Yehd B2 2 =49 R
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Land Surface
Temperature
AR 25
value
- High : 49.5
B ow: 158

J8 5. MSA| XIERE (20165 5 192)
Figure 5. Seoul’s surface temperature (May 19, 2016)
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Figure 6. Moran's | scatter plot of surface temperature

=A 5 EAIR} RG] FAET FHAE M E #A Y
ERgth,

2. XE2=0f| FES 0lXl= 21 2 201 2y

AR2E= A2 912 EA ] wet kel 42 /M &
7k dlojgjolt}, wehA] A F2 = F7HE Aol w2 A
o2 7% 4 lew, olaRt 31t A A R 31 REH e
Aolgh 4= Q= GeoDa SoftwareS $3)| 28] AL HAF
31t GeoDa Softwaret= Anselin(2005)°] 2J3f 7HEE e

100 "SEAZ, Ms54H H2% (2019)

LISA Cluster Map
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Figure 7. Surface temperature LISA hotspot analysis

o, FHEA, v W] gAY 9 dlolg &Ajo] 7Hsslt
ERL A £43 A, LAY BRAst TR}
2% (Spatial Lag Model: SLM)#} F7FL 2§ (Spatial Error
Model: SEM)& Z{}jtc},

9 69 (O™ D AF2E0] 4] 27138 B4 S U
EPdACE Moran's T APEES} LISA S| AE A Eof w2 ot
AL Moran's I710] 0.72 P19 & 9H(+)9] 3744 217
Z4Be et E3 LISA 224H A=E S SAR &
A At FUA G} A ARLET S S B2
27, ¥ e F2M R o7 wAHL) B3 HoM 27
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AFLE7h 2 Aot} AEA9 9 HAR AFL e
BEEAT JTE Ao B4 il FaAAe] QJA|skaL
= ZAAT FolA =4 e glow 3t AdEA]
a2 g TSR AR2E7H A Y= AE &
ek,

Gt D NFE2E FFE vA= adof gt 71 FA%
14 Aitolc}, OLSEF 3 T3 ARG S13f =419 213
7 ¥H4E 59 R, B9 ARLEE T4 HeE 4As)
o] 84S Aggatgct. F 1,839/ BES Ao R sjgon A
FIARF(OLS), FHAAZLSLM), TR (SEM)S
Hlaste] & Atof] At mgS Aesigict, AR A=
ch3at ZohEE 3 F2).

2, H40l L8t 7|= SAZ  Table 2. Descriptive analysis

A, A52Q1 OLS &2 7Z$- Moran's Igt0] 0.422% =31
AR wjL- fejate] T A7) o] & A U ¢
ek weba] OLS 2 Hrhs F7H A71AE Alojd 4= 9l
£ SIM %= SEM 289 1187t Jasict §HH, SIM 12§ 9
73 A2}2] Moran's 13}0] 0.1642 37H2 2p7)Ako] A5
of A= AL & 4 9l en, SEM 23 9] 79 ZAH2l Moran’s
1ko] -0.00020]2L A .2 {2152 gfot F1HA A7) A
Jo] A3 AAE Y-S & 4= ek, TebA BHAFER] AIC
o} SC @kt T A7) Al A akg aajd ] FHAREE
(SEM)o] o] ebget 2& & 4= etk

A, AdE7 8919 HXH3|, s, W i, HARE
Y AE ARLES} BWFE ()] BAE UeRHACE, A4

B2 Variable oF Mean HZEMA} Std. Dev. 22 Min Z[cHZt Max
.
Green area () 86,756.53 133,006.33 0 720,000.00
_ SfRioI
X0t 8124 River area (m) 22,820.82 68,386.69 0 360,004.08
Natural o —
environment om
Average elevation (m) 70.42 92,59 20.00 665.00
ZAE
Slope () 571 7.16 0 36.96
24201
Building area (m?) 42,137.74 41,301.17 0 77,575,580.20
oot
Total floor area (m?) 272,594.88 274,637.48 0 1,650,643.62
Total 218.39 207.32 0 1389.61
axz Low 4591 36.20 0 114.30
Floor area ratio (%) Medium 22382 7167 115.14 519.19
2a|™ 817 High 897.4 277.93 538.35 1389.61
Three-
dimensional buil Total 08613 0.0753 0.6829 0.9999
environment X2 S Low 0.7681 0.0323 0.6829 0.8174
Sky view factor Medium 0.8621 0.0258 08175 0.9076
High 0.9522 0.0274 0.9078 0.9999
Total 17.6853 137610 0.0316 81.1186
=01 7420)| Low 9.6446 42296 0.0316 17.2910
Surface roughness Medium 24.9621 57583 17.3019 37.6730
High 50.7348 9.5061 37.9326 81.1186
HEAEZE
Railway density (kmvkm?) 530.98 2711.10 0 36,085.95
DESH
52 AN s
Transport ; ) 4,789.02 4412.37 0 21,325.96
environment Road density (km/km?)
E2f
458 27,189.51 38,030.86 0 365,267

Traffic volume (unit quantity/h)

* The average floor area ratio (FAR), average sky view factor (SVF) and average surface roughness (SR) were classified into three levels using Natural
Breaks (Jenks) of ArcGIS: average FAR Low(<115%), Medium(115%-538%), High(>538%); average SVF Low(<0.8), Medium(0.8-0.9), High(>0.9); average SR
Low(<17.3), Medium(17.3-37.9), High(>37.9).
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H 3. 0LS S7HEA2E 241 Z1t  Table 3. Analysis results of OLS and spatial statistics models

. sl e STARIEE ST
B oLs Spatial Lag Model Spatial Error Model
Variable
Coef. t Coef. z Coef. z
=XIHH -2.8E-067* -6.24 -2. TE-06*** -7.90 -3.8E-06%* -2.28
Green area ’ ' ' ' ’ '

. SIHEH QO0E05% 4231  21E05%* 3620  23E05%% 494
A River area ' ' : ' : :
Natural ———
environment on R 2 R g . 2

Average elevation 2. TE-03%+* 311 1.6E-03** 242 4 6E-Q3%* 18.39
7

A -6.7E-02%** -4.72 -2.6E-02** -2.45 -3.0E-02%* 462
Slope

UETH 4 4E-06% 2.05 5.6E-06*** 347 1.1E-05%** 6.22
Building area : ’ : ’ ) :

. A% 11E067* 433 6.85-08 037 13607 0.65
=cqey Total floor area = ' o= : : '
Three-dimensional pyEp
built environment NS Hn[E

Sky view factor 3.805%* 324 4.428%* 5.01 6.335%* 541
BH AT
Surface roughness -0.045%* -7.61 -0.029%+* -6.49 -0.017%= -3.70
=Nl
Railway density -2 8E-067*** 592 4 QE-05%** 4.60 5.4E-Q5%* -8.73
nSHE MO
Transport REO%' jefjt 20E-05%*+ 1958 27E04%* 176 35E04%% 3224
environment Y
] 8.3E-05** 4.06 6.2E-06%** 7.33 4. 1E-06%* -3.57
Traffic volume : ’ ’ ’ ’ ‘
Z2EAAI74: Spatial lag (Rho) - - 0.555%%*  37.92 - -
S2tQAA|4= Spatial error (Lamda) - - - 0.865%+* 60.79
Constant 30.025%* 26.04 10.593*** 10.77 27.255%* 2391
No. obs. 1,839 1,839 1,839
R-squared 0.834 0.905 0.918
Log likelihood -3474.8 -3007.2 -2974.7
Summary
Statistics AIC 6973.6 6040.4 5973.4
SC 7039.8 6112.1 6039.6
Likelihood ratio test - 935.233*** 1000.270%**
Residual's Moran's | 0.422%%* 0.164%+* -0.00023

*p<0.7; *p<0.05; **p<0.01

52 9 5P o] AL G FARIURI7E A F2 €A 7] o
ol AFL2E=7F WA Uebgeal & o= Qlok. ¥HE g9 =t
7V HE di7| 257t s He, oyt 2= fas
AFLE0 FFE v A ok, T3], AL Wk w2t gt
A 4= YA A Z 0= AL Sk A ko] ke B
AR} 48 HaL 21 Fo]| 27t SFAaA7H A717] vhzel
AF &9t 5(-)2 WAE 2 A= A€

AR, tii-2e] E213 87 Was AR TAZX R &
o WAE YeEhidT A, 4597, =2AE U el
A=A Ui A F2E0 ()2 BAS R AR e

102 "SEAE, M54H HM2E (2019)

ot 224 7 MeES BASY] AHERA olF Hee A
FO| =T Yhao], A RE B B oUR| Y e
T7HA A& =5 ASA7IA ot W Fexnyge] 3
T ASFAAE FAHCE fostgloy, A5E dUAS A%
&0t FAZOE foR BAE Kol A ol dHE
AHA W7t ohE 33k E213 e deluEcd &
HA7] e FEALHEIE 7R Q7] 2o s wakE
ot MEhA S E FES LY ATAGANE LA oA
AuE Eark o

A, 32k =2 87 a4l A3ldest £ AR &
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B4 858 yoR8HL

Table 4. Floor area ratio (FAR) interaction variables

HBNHR(SVF) £
T S8BT HIHHZ
Average floor area ratioxAverage Sky View Factor (SVF) level
sky view factor (600m=600m grid cell) Low(<0.8) Medium(0.8-0.9) High(>0.9)

Low(<115) Low-Low(LL) Low-Medium(LM) Low-High(LH)

§§‘:$ area ratio Medium(115-538) Medium-Low(ML) Medium-Medium(MM) Medium-High(MH)
High(>538) High-Low(HL) High-Medium(HM) High-High(HH)

BF SNBBF B 4| EHAUII(SR) +2

Average floor area ratioxAverage

Surface Roughness (SR) level

surface roughness (600mx600m grid cell)

Low(<17.3) Medium(17.3-37.9) High(>37.9)
Low(<115) Low-Low(LL) Low-Medium(LM) Low-High(LH)
Qx= - . . . : :
i?ljo?area ratio Medium(115-538) Medium-Low(ML) Medium-Medium(MM) Medium-High(MH)
High(>538) High-Low(HL) High-Medium(HM) High-High(HH)

A A, A3AE AELEE )2 BAE B o=
HA3NHE gho] 245 7ol ot e AARgAlo] A3
25of 2142 Q) IS vA= AL Quigict, ¥hd FHAAY
o} AFLEE ()Y BAE Yehlisisd, £UAA7F 245
E Agolu Ao oJFt SFANE A3 AFE:=T} A F
o7 yolx|= Ao & AT 4= 9ict.

T2 o]2jdt 4] Aik= 32k £33 WS Aol
AEAG A Aehs o A7 At 53], dAIZQ] A
o] &) 3 27 Avsty] ffal E4oll ARSE Wl HEE
&SV FAAAZ|SR)= TY AE9] EE(Volume)S 273
e 78 84Q1 8RS DI LS 28-S FhaL Q7] W2l
o}, wEbA 32k EefE] B a4l 8218, A3uE, EUA
AZNE A-F-5t FEoR Bt A3AE WS =553
Ch3E 2 F2). £5771'2 Natural Breaks(Jenks)E 2831t}
Natural Breaks W' H|:3 #2583 ¢ AToR sk
e gRor Ak @A WV AS o A9 ER 2YE
Ui £57 s bz or 8851 Qe 7ol

G 9t SHEN Al 28 ARZE Al A9 =&
o= ER3t ¥ AU E 44 o AFeE ERstG
BARF A EA W= MM(EE 88 E X F4E SVE
B SR)IE ARSI, 848 A HE 1 e
Ao A= GE 59 2ok FHLeARF(SEM)o] 7
A7) g 48] AlASIL o] At M} & AR
UeRgth, ARV Wl 370 A (Lamda)s S
207 w9 {23kl ZEx}e] Moran's Igh- §-2J8H4] QFot 37t
2 7] o] Alojd A& ouishy, F8 BAANN= b3t
2,

AR, AF MH&e] B¢ Fhrd] $3EN FeEY A
Mafl&Q Z29-(MM)2F Bl s uff FhpEe] G218 A9l
A& Z4-(MH)S 7 A 257 2 Z$-(HH)O]

N o

A A B2ETH A O R £ A0 YERdth 12|31 838
o] ¥l Ae/ul&o] F4E UMl AFL2ET} 4
iAo W A0 vepgt), o3t Avk: 8389 5
Aloid wf SVFe] F7h= AR $71= U] AR2EE 0
© 98 s A0R & 4 Qo AeiuEe] 22 39 371
o] 3F0U FFLE U A LI A ApHT g A
ARFAE Bl 7] wf2of AR5 Aol ARA A %= v
A AR & 4 9t

=4, EUAZ7Y 4 88N RUAL} 44 S04
A ZA-(vm)et vlag v, FtaeE S EF sl9leE 2
AA719] B-ML)e} B9iaE SRS sieleE FUAD]
B-HL)O A FLE=7} FH o2 22 A0 R Yyt 53
$2480] g1l FUALIE I SEHL)NA viS- fsHA
yehgow, dii2 §280| Wil RUAA77L 048U 4
FIM)ofl AFELE=7F R 02 7 W2 A o2 vERdT, W
H, BUALE a9l B9 AE 257F A Ve
ojZg A= dutHoR RUAAIIL WS UEY 39
A7 AZE7] dgof Ax2E ol FFS vIAE AR
& 4 ok 22y ot AT 92 SAEY =
of ute} 422 at th2A Yepgtt, ol BUAA7= &
g9 2ol wet Ao thEA FES viAE A& v
et

V.EZE

B A= A3, B3] BA|9 3x1 EE]F] EHe] A2
o u| = IS AFH R Bt FEH5HP B2
= LANDSAT 8 91494 dlojg] 9 d29d MEs 7|gke

2 AhEsiglen, 282k YIS vAE HeRe AAes
g, 32 S8R 87 BE, E RO el 48
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5. ASAE HAE 125t Z7tRXI2E 2M 20t Table 5. Spatial error model analysis with interaction variables
SU 2 DH(SHEXSVF 4S8 53l 3 23 DH(SHExSR 4SEE 21)
o Spatial Error Model Spatial Error Model
#4 Variable (FARXSVF interaction effect) (FARxSR interaction effect)
Coef. z Coef. z
X[ HA [P i mar. i
Green area 3.6E-06 8.36 3.9E-06%** 9.12
~ SHHHA A ) har. )
xeey it 2.3E-05% 32,05 2305w 32.24
Natural environment ——p—
Average elevation -5.0E-03*** -3.85 -4 8E-03*%* -3.76
M= Slope -2.1E-02 -1.62 -2.7TE-02** -2.09
Z1Z0E Building area 1.0E-05%+* 6.06 8.8E-06%** 513
. 1A Total floor area 4.1E-07* 2.04 4. 4E-Q7* 219
=2|d 2 .
Three-dimensional TS 7HE 4.006%+ 349 5,808+ 512
built environment Sky view factor ' ' ' '
HH HE|
Surface roughness -0.016%+* -3.63 -0.010 -1.61
EeEINSE I
Railway density 5.4E-05%+* 5.03 4 TE-Q5*%** 437
584 FEAM YT
Transport environment Road density 33604 1041 3.2E:-04** 1714
usH : :
Traffic volume 4 0E-06%** 460 3.4E-06% 3.97
LL 0.063 0.36 0.153 1.04
LM -0.334%** -2.99 -0.227* -1.72
. LH 0.172 117 0.112 0.56
HSEBHLT -
Interaction ML 0.154 1.00 0.484 339
. u
variable MH 0.316* 1.94 -0.399 -1.00
FARxSVF (or SR)
HL 0.086 0.63 0.645%** 4.49
HM 0.078 0.74 0.075 0.55
HH 0.575%** 3.99 -0.002 -0.01
SR Spatial error (Lamda) 0.865%+* 60.99 0.87Q%** 62.72
Constant 28.397*** 21.16 27.394%* 24.27
No. obs. 1,839 1,839
R-squared 0.921 0.922
Log likelihood -2947.9 -2940.6
Summary Statistics AIC 5935.8 5921.1
SC 6046.1 6031.5
Likelihood ratio test 998.219%* 1029.983**
Residual's Moran’s | -0.00269 -0.00115

The reference group of interaction variable is MM. This means a medium level of FAR and a medium level of SVF (or SR).
*p<0.7; *p<0.05; **p<0.01

ot Yo7t A& REALY] M-S FHENR A2AE AR S B8k

A2 GEete] §2ES Alofdt AdlolA M3slvest wd A8 vt ok A, R RLEE 1 A7)
ARZ17E AFLE| v|A e S SAskG 3, 5 o 2ol @t o AFAARF(O1s) Rt 3718 Fo] 3
A ALY FHA 271 ES Aojslr] 8l HFRFLS T WM ACR yERdt 53] SRR PR ke o)
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APt o] & Ao vepyt,

A, AAeH 84 HAHR Y YA BE ARLEE
AT Ao® vehgon, Fench P FofA 9] A3k
257 E W2 Aoz g, webs 3 9 s S 889
A2 AzidRo] Fastct Iutef Pt a9} A=} =
& o] OFA] Qe FHr A RLLevh WA e, g
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o= et o ERAA U] Tk 554 We 7t
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